We argue that the binding between doubly occupied (doublon) and empty (holon) sites governs the incoherent excitations and plays a key role in the Mott transition in strongly correlated MottHubbard systems. We construct a new saddle point solution with doublon-holon binding in the Kotliar-Ruckenstein slave-boson functional integral formulation of the Hubbard model. On the halffilled honeycomb lattice, the ground state exhibits a continuous transition from the semimetal to an antiferromagnetic ordered Slater insulator with coherent quasiparticles at Uc1 ≃ 3.4t, followed by a Mott transition into an electron-fractionalized AF * phase without coherent excitations at Uc2 ≃ 5.7t. We show that doublon-holon binding unites the three important ideas of strong correlation: the coherent quasiparticles, the incoherent Hubbard bands, and the deconfined Mott insulator.
The fundamental theoretical challenge of the strong correlation problem is the description of both the low energy coherent quasiparticles (QPs) and the higher energy incoherent excitations, as well as the spectral weight transfer from coherent to incoherent excitations with increasing correlation strength. Two very important ideas, the emergence of two broad incoherent features known as the Hubbard bands and the existence of renormalized QPs with a Luttinger Fermi surface (FS) were advanced by Hubbard [1] , and Brinkman and Rice [2] , respectively. Unfortunately, the Hubbard equation of motion scheme that produces the incoherent spectrum fails to produce QPs correctly and violates Luttinger's theorem [3] ; whereas the approaches based on the BrinkmanRice-Gutzwiller wave functions [4] capture a Luttinger FS of QPs, but find serious difficulties in constructing variational excited states to account for the incoherent excitations. Faced with this enigma, numerical approaches such as exact diagonalization, quantum Monte Carlo (QMC), and the dynamical mean field theory [5] have played a key role in recent years. In this paper, we develop new analytical insights, construct a unified theory for both coherent and incoherent excitations and the Mott transition, and study the Hubbard model on the honeycomb lattice in view of the recent debate over the emergence of a gapped spin liquid (SL) phase [6] [7] [8] [9] [10] .
For simplicity, we consider the half-filled single-band Hubbard model. The local Hilbert space consists of empty (holon), doubly occupied (doublon), and singly occupied sites. The Brinkman-Rice-Gutzwiller approach amounts to a metallic state where the holon, denoted as a boson e, and the doublon, as d, condense fully with macroscopic phase coherence, as obtained by the Gutzwiller approximation [11] or the slave boson meanfield theory (SBMFT) [12] . The metal-insulator transition is thus forced to follow a route where the density of doublons and holons vanish together with the condensates: n d = n e = d = e = 0 such that there is exactly one electron per site. As a result, single-particle motion, coherent or incoherent, is completely prohibited. This so-called Brinkman-Rice (BR) transition is different from the Mott transition induced by the complete transfer of the coherent QP weight into the incoherent background, i.e. the depletion of the condensate while keeping the doublon/holon (D/H) density an analytic function in the correlation strength U .
We will show that the crucial physics uniting the disparate ideas of Hubbard and Brinkman-Rice is the binding between doublon and holon: d i e j = 0. In the Mott insulator at large U , although the D/H condensate vanishes ( d = e = 0) together with coherent QP, the D/H density remains nonzero (n d = n e = 0). The incoherent motion of the QP is thus possible by breaking the doublon-holon (D-H) pairs, giving rise to the higherenergy incoherent excitations. With decreasing U , the D/H density increases and the D-H binding energy decreases. At a critical U c , the D-H excitation gap closes and the D/H single-particle condensate develops, marking the Mott transition. On the metallic side of the Mott transition, D-H binding continues to play an important role since an added electron can propagate either as a coherent QP via the D/H condensate or incoherently via the unbinding of the D-H pairs.
The idea that D-H binding plays a role in MottHubbard systems was introduced by Kaplan, Horch, and Fulde [13] and studied in the context of improved variational Gutzwiller wave functions [14, 15] . It has been difficult to advance because of the difficulty in the calculations and particularly in constructing the appropriate wave functions for excitations. We will show that the physical picture discussed above can be realized in the slave-boson functional integral formulation of the Hubbard model introduced by Kotliar and Ruckenstein (KR) [12] by constructing new saddle point solutions that include the D-H binding. This approach also offers a treatment of the magnetism at half-filling that compares well with QMC simulations [16] , and has the added advantage of allowing the study of excitations and finite temperature properties [17] .
As a concrete example, we studied the D-H binding in the half-filled Hubbard model on the honeycomb lattice at zero temperature and obtained the phase diagram shown schematically in Fig. 1 . A continuous transition from the semimetal (SM) to an antiferromagnetic (AF) ordered insulator takes place at a critical U c1 ≃ 3.4t, suggesting that the gapped SL phase proposed by Meng et. al. [6] may correspond to an AF ordered phase in the thermodynamic limit. Sorella et. al. [10] recently extended the QMC and the finite size scaling analysis to much larger system sizes and discovered that the signature of the gapped SL disappears and is replaced by that of a continuous SM to AF order transition at U ≃ 3.8t, in qualitative agreement with our results. Remarkably, we found a second quantum phase transition at a critical U c2 ≃ 5.7t beyond which the D/H single-particle condensate vanishes (d 0 = 0) amid a finite density of doublons bound to holons. For U > U c2 , a new AF phase, termed as AF * in Fig. 1 , emerges where the electrons are fractionalized and there are no coherent QP excitations.
In KR's theory, the electron operator is written as c iσ =L iσ (e Ldτ ), where the Lagrangian
The KR saddle point corresponds to condensing all boson fields uniformly in Eq. (1). The results on the honeycomb lattice [23] can be summarized: Restricting to the PM phase, the doublon density d 2 0 decreases linearly from 1/4 at U = 0 and vanishes at the BR metal-insulator transition U BR ≃ 12.6t. When magnetism is allowed, a SM to an AF insulator transition arises at U m ≃ 3.1t. The D/H condensate remains nonzero for any finite U and the AF phase is a coherent Slater insulator [24] .
To construct the new saddle point solution with D-H binding, we need to include the dynamics of the bosons. Introducing the operators for the D-H pairinĝ ∆ ij = d i e j , and the D/H hoppingχ
i e j on the nearest-neighbor bond, as well as the density operatorsn
These inter-site correlations can be treated explicitly by writing the partition function as a path integral over the corresponding fields and taking the saddle-point solution [24] . The results can be understood intuitively as minimizing the variational Hamiltonian obtained by substituting the above expression for z † iσ z jσ into Eq. (1) with the operators replaced by their expectation values, and adding the corresponding variational terms: are self-consistently determined variational parameters. Note that the p iσ bosons are treated as condensed fields for simplicity since their density (single occupation) is large [25] .
We next discuss the saddle point solution of Eq. (2) on the honeycomb lattice with 2N sites. Symmetry requires the expectation values
, where A and B denote the two sublattices. The normalization factor g
As shown later, this expression recovers the noninteracting limit at U = 0. The Hamiltonian thus simplifies tô
The closing of the boson gap Ξ d leads to a zero energy mode at k = 0 whose occupation enables the single-boson condensate d 2 0 , and is subsequently taken out of the momentum summations.
The ground state is determined by solving the selfconsistency equations derived from minimizing the energy [24] : ∂Ĥ HD /∂x i = 0 and
Once the saddle point solution is obtained, the spectral function can be obtained from the one-electron Green's function
Since the latter involves convolutions of the d/e boson normal and the anomalous (due to pairing) Green's functions with those of the f σ -fermion, the single-particle energy gap for the physical electron is the sum of the fermion and boson gaps Ξ = Ξ d + Ξ f . More importantly, the coherent QP excitations would only emerge with the D/H condensate that recombines the charge and spin degrees of freedom, which can be detected by the coherent peaks in the integrated spectral function (ISF) [24] : (Fig. 2c) . The ISF is shown in Fig. 3a . Notice the transfer of the coherent QP weight to the incoherent part with increasing U and the complete suppression of the coherent QPs in favor of two broad incoherent spectra beyond the Mott transition from the two branches of bosonic excitations E d ± (k) [24] . Since the f iσ -fermion spinon remains gapless, the insulating phase is a gapless SL. We do not see evidence for the proposed gapped SL phase [6] .
Next, we allow magnetism and study the interplay between AF order, D-H binding, and the Mott transition in the ground state. Fig. 2b shows the onset of staggered magnetization (m) accompanying the AF transition at a critical U c1 ≃ 3.4t, which compares well to the continuous SM to AF transition observed in the most recent QMC calculations on large systems [10] . We find that for U c1 < U < U c2 , where U c2 ≃ 5.7t, although a singleparticle gap Ξ f opens in the fermion sectors (Fig. 2c) , the zero energy mode remains stable in the d-e sector and continues to support the D/H condensate. Thus, the spin and charge recombine in this regime and there are coherent excitations corresponding to the sharp QP peaks in the ISF shown in Fig. 3b . This phase is thus an AF Slater insulator. Remarkably, a Mott transition takes place at U c2 . For U > U c2 , a new AF phase, the AF * phase, emerges with the opening of the gap Ξ d ∝ U − U c2 in the d-e sector (Fig. 2c ), where the D/H condensate vanishes as all doublons are bound to holons. Thus electrons are fractionalized in the AF * phase and there are no coherent excitations, as shown in the broad ISF in Fig. 3b at U = 6t. The gap for the physical electron, Ξ = Ξ f + Ξ d , exhibits a derivative discontinuity at U c2 ( Energy gap deconfinement transition associated with the Ising-like global Z 2 symmetry (d i → −d i , e i → −e i ) that is broken in the AF phase by the D/H condensate and restored in the AF * phase. Finally, let's examine the saddle point stability with respect to gauge field fluctuations. It is known that KR formulation introduces three U (1) gauge fields [26] since the action is invariant under:
The p iσ condensate breaks two of the U(1) symmetries and turns the gauge fields associated with φ iσ massive by AndersonHiggs mechanism. The remaining U (1) symmetry is also broken in the SM and the AF phase by the D/H condensate, making the θ i -gauge field massive. In the AF * phase, it is the D-H pairing ∆ ij that breaks the U (1) symmetry and the θ i -gauge field remains massive, as does In summary, we have shown that the D-H binding plays an essential role in describing the incoherent excitations and the Mott transition in strongly correlated systems. For the honeycomb lattice Hubbard model, we showed that the SM to AF Slater insulator transition is followed by a Mott transition into a fractionalized AF * phase with increasing U . Interestingly, a different AF * phase of a fractionalized antiferromagnet was proposed in the effective Z 2 gauge theory description of doped Mott insulators in the projected Hilbert space (U = ∞) where spinons are paired into a Néel state and doublons are absent [27] . In contrast, the incoherent charge excitations through D-H binding is essential in the AF * phase proposed here, which is more inline with the importance of doublons in describing Mottness emphasized recently [28] . Such an AF * phase on the square lattice may have been observed in the parent compound of the high-T c cuprates by angleresolved photoemission [29] .
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SUPPLEMENTARY MATERIAL
Following the discussions in the main text, the partition function for the Hubbard model can be written as a functional integral over the quantum fields of the spin-carrying fermions f iσ and the slave bosons e i , d i , and p iσ introduced by Kotliar and Ruckenstein (KR) [1] ,
whereĤ is given in Eq. (1),
The functional integral over the Lagrange multipliers λ i and λ iσ enforces the following local constraintŝ
The electron operator is written as
Because of the projection-operator property of the bosons, the normal ordering of the square roots in the hopping renormalization factorẑ † iσẑ iσ is not an issue, as they can be translated directly into c-number boson fields in defining the functional integral.
A. Conventional slave-boson mean-field theory on honeycomb lattice
In the saddle-point approximation of the action considered by KR [1] , which is referred to as the conventional slaveboson mean-field theory (SBMFT) or the Gutzwiller approximation, all the boson fields in Eq. (S3) are condensed: e i = e 0 , d i = d 0 , and p iσ = p 0σ . For the honeycomb lattice Hubbard model at half-filling, the SBMFT was first studied by Frésard and Doll [2] . For the purpose of comparison, we plot the solutions in Fig. S1 , which should be contrasted to the new saddle point solution in the presence of doublon-holon (D-H) binding shown in Fig. 2 in the main text. In the PM phase, the doublon density d 2 0 decreases linearly from 1/4 at U = 0 and vanishes at U BR ≃ 12.6t, corresponding to the Brinkman-Rice metal-insulator transition (Fig. S1a) . When magnetism is allowed, the semimetal to AF insulator transition takes place at U m ≃ 3.1t with the onset of the staggered magnetization m = p 
where the prefactorĝ σ ij =R † iσL † iσL jσRjσ can be decoupled according tô 
The effective H-D binding Hamiltonian in Eq. (S10) is just the one given in Eq. (2) of the main text, where the factor z iσ z jσ has the operator form given in Eqs (S6) and (S7) but with the bosonic operators replaced by the corresponding correlation fields (∆ ij , χ (1) Eqs (S8)-(S10) provide an exact representation of the Hubbard model; carrying out formally the last two functional integrals in Eq. (S8) recovers the KR formulation given in Eqs (S1)-(S3). (2) In the above derivation, the intersite correlations of the p iσ bosons were not included explicitly for simplicity. The reason is that the p iσ bosons represent single-occupation; their density is large at halffilling. Thus, the p iσ bosons can be treated appropriately as condensed fields. We have verified that including their intersite correlations only leads to small quantitative changes in the results. (3) From the perspective of finding a saddle point solution of the action, the effective Hamiltonian H HD in Eq. (S10) can be understood intuitively as a variational Hamiltonian describing the effects of intersite correlations of the doublons and holons, including that of H-D binding, as stated in the main text.
C. D-H binding saddle point solution and self-consistency equations
The saddle point solution corresponds to approximating the path integral in Eq. (S8) with a particular configuration of the quantum fields that minimizes the action. We consider here translation invariant paramagnetic (PM) and twosublattice antiferromagnetic (AF) saddle point solutions on the honeycomb lattice at half-filling. The bond variables are real and isotropic and the symmetry requires
. Moreover iλ i = λ, iλ Aσ = iλ Bσ = λ σ , and p A0σ = p B0σ = p 0σ , where A and B denote the two sublattices on the honeycomb lattice. The normalization factor in Eq. (S7) takes on the following saddle point value on the nearest neighbor bonds,
Substituting these quantities into Eq. (S10), we obtain the saddle point Hamiltonian in the main text,
(S12)
on the honeycomb lattice with 2N number of sites, whereĤ f andĤ d describe the energy spectrum in the fermion and boson sectors. In momentum space, the fermion part is given bŷ
where the A-B sublattice hopping amplitude χ
on the honeycomb lattice. At half-filling, the particle-hole symmetry requires
We can thus write λ σ = µ − σε, where ε = (λ ↑ − λ ↓ )/2 is equal to zero in the PM phase, but nonzero in the AF phase. The fermion action can therefore be diagonalized by the transformation
where γ σ± (k) are the fermion quasiparticles (QPs) with eigenstate energy dispersions:
The corresponding eigenvectors, satisfyingũ Akσ =ṽ * Bkσ =ũ kσ andṽ Akσ = −ũ * Bkσ =ṽ kσ , are determined by
The fermion spectrum in Eq. (S16) shows that in the semimetallic PM phase (ε = 0), the QP has Dirac dispersion with a renormalized velocity χ v f ; whereas a fermion energy gap
opens at the Dirac points in the AF ordered phase. The fermion hopping and density per spin are readily obtained,
The spectrum of the charged (d-e) boson sector is determined byĤ d in the saddle point Hamiltonian (S12), which can be written in a 4 × 4 matrix form in momentum space,
where the relations due to particle-hole symmetry in Eq. (S14) have been applied. The bosonic action can be diagonalized by the following Bogoliubov transformation,
where a ± (k) and b ± (k) are four bosonic QPs with two branches of doubly degenerate eigenvalues
under the condition ǫ
that ensures the eigenvalues to be real and positive for bosons. The factor of 3 in the latter arises from the maximum value of η k . The energy gap in the d-e boson sector is thus given by
Analytical expressions of the corresponding eigenvectors {u, v} are more lengthy than informative and thus omitted here. In practice, they are computed numerically. The saddle point solution for a given Hubbard U can be determined by solving the set of self-consistency equations derived from minimizing the energy with respective to the ten variables variables and (ii) assume a nonzero d 0 . The latter introduces one more unknown variable (d 0 ), while the required condition for the existence of the zero energy mode gives us the extra equation
and thus one can determine the state by solving the eleven self-consistency equations for the eleven unknown variables. If several solutions are found for a given U , the one with the lowest energy should be chosen as the ground state. In practice, we found only one solution for any given U . Since most of the results have been discussed in the main text, we provide here only a few additional details. In Fig. S2 , the self-consistently determined variational parameter χ Fig. S3. ( ii) The two branches cross and produce the Dirac-cone-like behavior at the K point at a finite energy that increases with increasing U , leading to the V-shaped density of states. Remarkably, (i) and (ii) combine to form a Dirac-cone like dispersion that is similar and can be regarded as a "ghost" band of the bare electron dispersion carried by the excitations of the doublon/holon complex. This property was pointed out in the systematic large-N expansion study of the t-J model for doped Mott insulators [4] . It is remarkable that the ghost Dirac-cone feature manifests itself in the broad peak-dip-peak structure in the ISF of the physical electrons shown in Fig. 3 of the main text, which can be identified as the holon-doublon excitations.
(iii) The low energy properties of the boson dispersion near the Γ-point is intriguing and important. For U < U c , i.e. on the metallic side of the Mott transition, the lower energy branch is gapless, i.e. E We provide here additional discussions on the calculation of the integrated spectral function (ISF), which is also the tunneling density of states (DOS), for the physical electrons. The electron spectral function is defined in terms of the retarded single-particle Green's function G σ (k, ω) [3] :
Because of the presence of two sublattices on the honeycomb lattice, the Green's function and the spectral function acquire an additional sublattice index α in the above equations. The ISF or the tunneling DOS, is given by
As discussed in the main text, the electron operator is composed of c iσ =L iσ (e † i p iσ + p † iσ d i )R iσ f iσ in the KR slave boson formulation [1] . Within our saddle point solution, we keep the product of the fermion and slave-boson operators and approximate the normalization factors by the saddle point average. The electron operator in momentum space is given by,
with the normalization factor In the noninteracting limit at U = 0, the saddle point solution has d 0 = p 0σ = 1/2 and r ασ = 2, such that the total coherent weight W coh α = 1 with the complete suppression of the incoherent part of the spectral function. In the opposite limit on the Mott insulator side, where the doublon/holon condensate d 0 = e 0 = 0, the coherent spectral function is completely suppressed W coh α = 0 and the entire spectral weight must come from the incoherent part of the spectral function.
In the incoherent part of the ISF, defined in Eqs (S45) and (S43), the convolution of the boson and fermion Green's functions gives broad spectral features. Since in our saddle point solution, the p σ bosons are fully condensed and their fluctuations were ignored for simplicity, the question arises as to how to evaluation the corresponding Green's functions in Eq. (S43). Naively, one would simply ignore these fluctuations; but we found that doing so would produce an unphysical result of a nonzero incoherent contribution to the ISF in the noninteracting limit. The problem can be resolved by realizing that at the saddle point level, the local constraint in Eq. (S4) is only satisfied on average, i.e.
Q iα = 0. When fluctuations are considered, a consistent condition imposed by the constraint is T τQα (τ )Q α (0) = 0 whereQ α = (1/N ) i∈αQ iα with N the number of α-sublattice sites. Evaluating the latter leads to the following expression 
